Abstract The flow field of UV reactors was characterised experimentally using particle image velocimetry (PIV) and modelled with computational fluid dynamics (CFD). The reactor flow was integrated with the radiation fluence rate and photolysis kinetics to calculate the overall conversion of photo-reactant components in annular UV reactors with an inlet parallel and perpendicular to the reactor axis. The results indicated that the fluid flow distribution within the reactor volume affects photo-reactor performance.
Introduction
Advanced oxidation processes (AOPs) are applied to the treatment of chemical pollutants in water. AOPs involve the generation of hydroxyl radical (zOH), which can be produced in several ways, with photochemical processes showing great potential. UV advanced oxidation reactors bring UV radiation in combination with a strong oxidant such as H 2 O 2 or O 3 to generate the fast reacting zOH.
A successful fundamental simulation of UV advanced oxidation reactors is the basis for several applications including virtual prototyping, which can lead to cost-effective design optimisation and performance evaluation. UV reactor simulation can be achieved by considering the rate of reactions linked to the non-homogeneous UV-fluence rate through the local volumetric rate of energy absorption. One of the challenges in modelling reactors with spatially dependent reaction rates is the impact of the fluid flow field on the reactor performance. The influence of hydrodynamics on the performance of UV reactors has been widely acknowledged (e.g. Lawryshyn and Cairns, 2003) underlining the importance of detailed flow field information for the design and optimisation of UV reactors. Analysing the performance of photo-reactors therefore involves the integration of a hydrodynamic model, a radiation emission/distribution model, and a kinetic model linked by material and energy balances.
Computational fluid dynamics (CFD) has become an efficient tool to simulate fluid flow behaviour in various reactor geometries and has been applied to the simulation of hydrodynamics in UV reactors (e.g. Kamimura et al., 2002) . Since the accuracy of CFD simulations is dependent on choices made during the model setup, experimental validation of the modelling results by measuring flow characteristics is essential for the effective use of CFD models.
Particle image velocimetry (PIV) is a powerful non-intrusive technique to visualise and obtain fluid velocities. The general principle of PIV is to illuminate tracer particles in the flow field of interest with a sheet of laser light and acquire two images of the flow field with a known time separation. The velocity field is determined from the distance travelled by the tracer particles between the two images, divided by the known time interval.
Modelling
The reactor hydrodynamics, fluence rate distribution and kinetics were taken into consideration for simulating the performance of UV reactors. The fluid flow within the UV reactors was characterised through the solution of mass and momentum conservation equations along with the realizable k-1 turbulence model using fluent CFD software package. The mean velocity components of a turbulent flow can be calculated by solving the Raynolds averaged Navier-Stokes (RANS) equations of conservation of mass and momentum. The instantaneous forms of the governing equations of mass and momentum conservation are expressed by:
The rate of degradation of a photo-reactant material was calculated by considering the equation of conservation of species (Y i ):
In Eqns 1-3, r is density, n is velocity, P is pressure, t is stress tensor, g is gravitational force, and J i is diffusion flux of species i. In species equation (Eqn 3), R i is the rate of production or depletion of compounds Y i .
The multiple point source summation (MPSS) model (Blatchley, 1997) in which the radiation source (UV lamp) is approximated as a series of point sources emitting diffuse radiation, was applied for UV irradiance distribution calculation. In this model, the fluence rate (E) at each point is estimated by:
where z and r represent the axial and radial distances, P is the total lamp output, s w is the absorption coefficient of the medium, r l is the lamp sleeve radius, l i is the distance from a specific point (r, z) to n i point source out of a total of n sources. The degradation of chemical contaminants takes place via a combination of UV photolysis and UV photo-initiated oxidation, while their rates depend on many parameters including radiation fluence rate, energy absorption, quantum yields, oxidant concentrations and reaction rate constants. The first order kinetic expression of direct photolysis, in which the degradation rate is a function of the local UV fluence rate, pollutant concentrations and the reaction rate constant at each point of the reactor, was considered to model the rate of pollutant degradation (R i in Eqn 3).
Annular reactor designs, where a UV lamp is installed concentric and parallel to the reactor body, are currently used for many small-to medium-sized single lamp products. Therefore, the performance of two common UV reactor configurations with an inlet parallel and perpendicular to the reactor axis were investigated. The reactor dimensions were as follows: 0.89 m length and 0.089 m diameter, with a lamp arc 0.8 m length and 0.02 m diameter. The reactor flow rate was set at 6.9 £ 10 24 m 3 /s.
Experiments
The flow field was studied experimentally using PIV for mockup UV reactors made of Plexiglas (the details are presented elsewhere (Sozzi and Taghipour, 2005) . PIV
A. Sozzi and F. Taghipour measurements were performed using a Flow-map 2D system (Dantec Dynamics) in conjunction with a dual-head Nd:YAG laser (New Wave Research) and a CCD camera (Hamamatsu Photonics) with a resolution of 1,344 £ 1,024 pixels. The plexiglas annular reactors of 0.089 m diameter, 0.89 m length and 0.019 m inlet/outlet diameter, with a concentric quartz tube of 0.02 m diameter were used for the PIV experiments (Figure 1) . The water flow rate was set at 6.9 £ 10 24 m 3 /s, which corresponds to a mean axial velocity in the annulus of 0.11 m/s. The time averaged (250 image pairs) flow field velocity information was considered to assess the accuracy of the CFD modelling results.
Results and discussions
The flow fields in two typical UV reactor configurations with an inlet perpendicular (a) and parallel (b) to the reactor axis using time-averaged PIV measurements are shown in Figure 2 . In reactor a, the impinging jet on the central lamp separates and then recombines at the reactor lower wall. The flow at the inlet region of the reactor is non-symmetric with higher velocity at the lower reactor wall. There are also some regions of flow recirculation (negative velocity) in the upper part of the reactor. In reactor b, the inlet region exhibits typical expanding jet behaviour, including flow recirculation and zones of slow flow close to the reactor inlet. In the region of the lamp holder (the white structure in Figure 2b ), the flow deviates from a standard expanding jet pattern. The flow in this region is non-symmetric because the lower spoke of the three-pronged lamp holder was centred directly in the measurement plane. For both reactors, the non-symmetric flow dissipates downstream of the reactor inlet at distances of about 25-40 cm from the inlet and the flow is distributed nearly evenly in the upper and lower parts of the reactors. The CFD simulation of velocity vectors within the UV reactors compared reasonably well with the PIV experimental measurements (Figure 3 ). The CFD model was able to Figure 1 Schematic of the PIV experimental setup showing the laser, camera, and plexiglas annular reactor placed within a plexiglas tank filled with water, to eliminate optical distortion caused by the curved external surface of the reactors. Two UV reactor configurations with inlet perpendicular (shown above) and parallel to the reactor axis were examined A. Sozzi and F. Taghipour predict the relatively complex flow in both reactors reasonably well and the areas of fast velocity and recirculation flows were predicted by the model. Detailed study of the CFD model parameters indicated that to obtain reliable modelling results of reactor hydrodynamics, enough care needs to be taken with the choice of mesh structure and turbulence model (Sozzi and Taghipour, 2006a) .
The overall conversion of the photo-reactant materials (pollutants) in the reactors was calculated by the numerical solutions of the governing equations describing the species transport, species generation/consumption, and the fluence rate within the reactors. The integrated model of UV reactor performance was assessed with experimental data from (Elyasi and Taghipour, 2006; Sozzi and Taghipour, 2006b) . For the two reactor configurations with an inlet perpendicular (a) and parallel (b) to the reactor axis, a UV energy output of 35 W for the UV lamp and a model photoreactant material with a reaction rate constant of 0.1 (inlet mass fraction of 0.2) were considered. The conversion of the photo-reactant material for reactors a and b was about 3.6 and 4.1 in logarithm scale, respectively. A greater degradation of photo-reactant compounds took place near the UV lamps, where higher radiation fluence rate presents (Figure 4) .
Although both reactors comprise the same volume and UV energy available for photo-reaction, the fluid flow in the reactors resulted in the difference in their performance. Reactor a has a non-symmetric velocity distribution with higher flow magnitudes in the lower wall of the reactor (Figures 2a and 3a) . As a result, the degradation in the photo-reactant material in this reactor is non-symmetric, with less mass reduction near the lower reactor wall, because of high flow velocity and low UV fluence rate in these areas (Figure 4a ). Reactor b, however, provides a different distribution of the flow within the UV reactor, with higher velocity in the areas of high fluence rate (Figures 2b and 3b) . A symmetric reduction in the mass fraction of the photo-reactant material is observed along the length of this reactor, resulting in a more uniform and higher degradation (Figure 4b) . Overall, the concentration profile in reactor b is closer to that of a plug-flow reactor, resulting in a higher conversion of photo-reactant material.
Conclusions
The fluid flow distribution within the photo-reactor volume affects the performance, because of the non-uniform distribution of the fluence rate in the reactors and the dependency of the photo-reaction rate on UV fluence rate. Using an integrated model that combines reactor hydrodynamics with fluence rate and photo-reaction kinetics, it was predicted that the areas of short circuiting (relatively high velocities and low irradiation fluence rates) reduce photo-reactor performance. (Sozzi and Taghipour, 2006b) 
